The protein Mei2 performs at least two functions required in fission yeast for the switch from mitotic to meiotic cell cycles. One of these functions also requires meiRNA. It appears that meiRNA targets Mei2 to the nucleus, where it can promote the first meiotic division.
Meiosis is a key step of sexual reproduction in all eukaryotic organisms. Meiotic cells undergo premeiotic DNA synthesis, followed by the first and second meiotic divisions to yield haploid products. The first meiotic division is accompanied by the recombination events that generate new allelic combinations. In the fission yeast Schizosaccharomyces pombe, several genes necessary for the switch from mitotic to meiotic cell cycles have been identified, among them mei2. During the mitotic cell cycle, Mei2 is produced at only a low level and, furthermore, the protein that is made is functionally inactivated by the protein kinase Pat1 (Ran1) [4, 5] . At the onset of meiosis a pseudosubstrate of Pat1 kinase, Mei3, is induced, leading to dephosphorylation and activation of Mei2 [5] . Mei2 is required both for induction of premeiotic DNA synthesis and promotion of the first meiotic division (meiosis I). Although Mei2 function is not understood in detail, premeiotic DNA synthesis appears to require cytoplasmic Mei2 and meiosis I nuclear Mei2 [3] .
The current story began with the identification of a mutant allele of mei2 defective only in promoting the first meiotic division [6] . A high-copy suppressor of this allele, sme2, was found, and mutational analysis of sme2 revealed that the gene encodes, not a protein, but rather a non-coding RNA molecule designated meiRNA. MeiRNA is about 0.5 kilobases in length, polyadenylated and mainly cytoplasmic [3, 6] . Mei2 is an RNA-binding protein and binds specifically to meiRNA both in vivo and in vitro. MeiRNA has no detectable mitotic function and is not required for premeiotic DNA synthesis; it is, however, essential for meiosis I, suggesting that a Mei2-meiRNA complex might be required at this stage [6] .
Localisation experiments, using a fusion protein of Mei2 and the green fluorescent protein (GFP), showed that a fraction of both Mei2 and meiRNA accumulates in a dotlike structure in the nucleus early in meiosis I (Figure 1) . Accumulation of Mei2 in the dots requires meiRNA, and correlates strongly with its function in meiosis I [3] . In the absence of meiRNA, Mei2 is cytoplasmic and non-functional ( Figure 1 ). Similarly, a mutant form of Mei2 that cannot bind to meiRNA is inactive. The requirement for meiRNA can, however, be overcome by adding a strong nuclear localisation signal (NLS) to Mei2 [3] . The fusion protein enters the nucleus, accumulates in a nuclear dot, and effectively promotes meiosis I (Figure 1 ). Interestingly, fusing the NLS to the mutant Mei2 that is defective in RNA binding does not rescue function, indicating that Mei2 must interact with at least one other RNA in addition 
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to meiRNA to promote meiosis I [3] . The cytoplasmic function of Mei2, which is independent of meiRNA, is similarly abrogated in the RNA-binding mutant [6] , suggesting that the cytoplasmic role of Mei2 also involves an as yet unidentified RNA partner.
These observations suggested that meiRNA might be required for the nuclear accumulation of Mei2, and data obtained in a heterologous system strongly supported this hypothesis. When expressed in mammalian cells, Mei2 was cytoplasmic ( Figure 1) ; coexpression in these cells with meiRNA led to a quantitative relocation of Mei2 to the nucleus, where the protein accumulated in the nucleolus [3] . Although the nucleolar location may only occur in mammalian cells (see [3] for discussion), this experiment supports the view that meiRNA allows Mei2 to accumulate in the nucleus in S. pombe, where it acts to promote meiosis I.
Why is the import of Mei2 less efficient in S. pombe cells than in mammalian cells (Figure 1) ? It is possible that a fraction of Mei2 might be specifically retained in the cytoplasm in S. pombe cells so that the protein can perform its cytoplasmic role. Alternatively, in meiotic S. pombe cells, a fraction of Mei2 might still be phosphorylated by Pat1, and thereby retain its cytoplasmic location. In mammalian cells, all of Mei2 might be import-competent because of the lack of Pat1. A final possibility is that, in S. pombe cells, Mei2-GFP might be overexpressed compared with endogenous Mei2, with consequent saturation of the specific nuclear import machinery. Irrespective of the explanation, the conclusion holds that meiRNA targets Mei2 to the nucleus.
How might RNA assist nuclear protein import?
Most nucleocytoplasmic transport receptors -importins and exportins -show a weak level of sequence similarity. These receptor proteins shuttle rapidly between the nucleus and the cytoplasm via interactions with components of nuclear pore complexes (NPCs), large proteinaceous structures that are embedded in the nuclear envelope. Figure 2 presents a skeletal scheme for nuclear import. An importin binds in the cytoplasm to a protein cargo, recognised by the presence of a specific import signal. The importin-cargo complex moves to the nucleus through the NPC, and the cargo is released in the nucleus under the influence of the small GTPase Ran-GTP (reviewed in [1] ). The export cycle is a mirror image of the import process, with Ran-GTP functioning to promote receptor association with cargo in the nucleus and cytoplasmic GTP hydrolysis causing cargo release [1] .
A number of regulators which target the nuclear protein import process have been described. For example, the state of the cargo can be modified by an interaction with a regulatory protein which either blocks or promotes cargo-importin association. How might meiRNA act as a regulator? The simplest hypothesis would be that it works by a kind of molecular 'piggy-back', in which the Mei2 Dispatch R67 Figure 2 Import cycle. An importin binds to a cargo in the cytoplasm and the complex moves to the nucleus. In the nucleus the importin binds to Ran-GTP. This results in cargo release. The importin subsequently recycles back to the cytoplasm. Three steps that might be regulated by meiRNA are in red. protein does not have an import signal and hitches a ride with the moving RNA. In this model, the RNA has to associate with an importin, either directly or through a bound adaptor protein.
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An alternative, in which the regulation is mediated at the level of the cargo-loading step (Figure 2 ), is that the protein has an NLS, but it is masked by intramolecular folding or interaction with another protein. When the RNA binds to the protein, the NLS is exposed and the protein-RNA complex can move to the nucleus. There is a well-characterised example of this type of regulation involving the spliceosomal U small nuclear (sn)RNAs, such as U1, U2 and U5. These U snRNAs are synthesised in the nucleus by RNA polymerase II and then exported to the cytoplasm, where they assemble into ribonucleoproteins (RNPs) by binding to several proteins, including the Sm proteins. The RNPs are subsequently imported into the nucleus, where they participate in splicing. The Sm proteins are exclusively cytoplasmic without RNA, but on RNP formation a complex nuclear localisation signal is created (reviewed in [7] ).
MeiRNA could also cause nuclear accumulation of Mei2 by affecting nuclear export, rather than import. Many proteins shuttle continuously between the nucleus and cytoplasm, interacting with a specific importin on the way in and, via a nuclear export signal, binding to an exportin on the way out [1] . If Mei2 is such a shuttling protein, meiRNA could cause its nuclear accumulation by preventing export from the nucleus. The most relevant analogy in this case is with the nuclear import of transcription factor IIIA (TFIIIA). TFIIIA is translated in the cytoplasm and moves to the nucleus, where it activates transcription of 5S ribosomal RNA by binding to 5S genes. After transcription of the 5S RNA, TFIIIA binds to the transcript and escorts the RNA to the cytoplasm. Bound 5S RNA masks the NLS of TFIIIA, ensuring that the TFIIIA-5S complex remains in the cytoplasm [8] .
A further mechanistically interesting model involves the regulation of cargo unloading in the nucleus (Figure 2 ). In this scenario, the protein is imported by an importinmediated mechanism, but the binding of Ran-GTP to the receptor and of RNA to the cargo protein are both required to efficiently release the cargo protein from the importin in the nucleus. The best example of this involves nuclear import of Np13, an mRNA-binding protein from the budding yeast Saccharomyces cerevisiae which is important for mRNA export [9] . Np13 is imported by an importin-mediated mechanism, binds to mRNA in the nucleus and moves back to the cytoplasm in an RNAdependent manner [9] . The importin responsible for Np13 import is Mtr10 [10, 11] ; release of Np13 from Mtr10 requires not only Ran-GTP binding to Mtr10, as in Figure 2 , but also RNA binding to Np13 [10] .
This mode of cargo release may apply to many RNAbinding proteins, and could possibly provide an explanation for the previously puzzling finding that ongoing transcription is required for accumulation of certain proteins in the nucleus. The first reports of this phenomenon involved hnRNPA1 and other nuclear RNA-binding proteins [12] . These proteins shuttle between the nucleus and cytoplasm, and inhibition of transcription inhibits their import, causing them to relocate to the cytoplasm. With the Npl3-Mtr10 example in mind, transcription dependence might reflect a requirement for RNA to efficiently dissociate these proteins from their import receptors in the nucleus. In the absence of nuclear RNA, one would expect import receptors to become saturated with bound cargo and further import to be inhibited. How might this apply to the meiRNA-Mei2 case? Without meiRNA, Mei2 might not be released from its import receptor in the nucleus, and might either saturate the receptor or, alternatively, be re-exported to the cytoplasm when the import receptor is recycled ( Figure 2 ).
We have described mechanisms by which an RNA might regulate the nuclear import or accumulation of a specific protein. RNA-assisted nuclear accumulation is an excellent way of ensuring that there is a fixed stoichiometry between a protein and a specific RNA partner in the nucleus, and also that the RNA-protein complex, rather than the free protein, is the predominant species in the nucleus. RNAassisted nuclear targeting may therefore be a more general mechanism than is currently believed. During the progression from mitosis to meiosis in S. pombe, it appears that meiRNA acts as a switch to allow Mei2 to carry out a specific nuclear function in promoting meiosis I. This function is different from, and additional to, the cytoplasmic function of Mei2 in causing premeiotic DNA synthesis. Clearly, the next questions are what exactly Mei2 does, both in the cytoplasm and nucleus, and which, if any, of the suggested mechanisms actually apply to meiRNA function.
